Abstract: Vinylic addition polynorbornenes (VA-PNB) with stannyl functional groups have been prepared and used in tinmediated radical dehalogenation reactions. The aliphatic and robust scaffold of VA-PNB is well suited for a support in radical processes. VA-PNB-(CH 2 ) n SnHBu 2 can be used as a stoichiometric reagent and VA-PNB-(CH 2 ) n SnBu 2 Cl as a catalyst in the presence of a hydride donor for the reduction of RBr. The mixture KF (aq.)/polymethylhydrosiloxane (PMHS) is the most convenient hydride source to generate VA-PNB-(CH 2 ) n SnHBu 2 in situ. Al-
Introduction
Tin reagents are extremely useful in radical organic processes and organotin hydrides have been profusely employed in synthetic procedures.
[1] The toxicity of organostannanes has raised a lot of concern about the handling of these derivatives and the contamination of the products obtained, especially if the synthetic protocols are applied to compounds with pharmaceutical applications. [2] This fact encouraged the search for the socalled tin-free radical processes, which has provided various methods.
[3] However, the synthetic methods based on tin radical reactions can still be very useful in some applications, as long as the problems associated with this type of reagents are solved, namely, the separation of tin byproducts from the target compounds and the unwanted generation of tin waste after each reaction. Finding ways to overcome the drawbacks of the use of organotins has been a long-standing goal and several main approaches have been adopted. One of them is the use of smaller amounts of tin in each reaction, which does not solve the problem but certainly alleviates it. Thus, it has been shown that a stoichiometric amount of a tin hydride reagent, often SnHBu 3 , [4] can be substituted by a mixture of a catalytic amount of either a tin halide or a stannoxane in combination with a hydrogen donor (commonly a borane or a silane). [5] Also, good separation methods of the tin residue from the product have been developed. They use different strategies that include the use of stannanes with modified substituents, chromatography though quite popular in this context, boron hydrides, being a source of radicals themselves, are not adequate to correctly evaluate the performance of the anchored organotin group. VA-PNB-(CH 2 ) 4 SnBu 2 Cl can be recycled and, even if it loses activity upon reuse, it is still useful after ten cycles. The stannylated VA-PNB can be separated from the products by simple filtration, and it leads to very low tin contamination (at least 250 times lower than that with use of conventional separation methods).
on fluoride-containing supports, and so on. [6, 7] Some of these methods are efficient and leave the products with a negligible residual tin content. Unfortunately, they do not address the problem of the generation of tin waste.
An approach that tackles both the separation and byproduct elimination is the support of the stannane on a matrix that could be easily separated and reused. [6] A few examples of recyclable tin reagents in radical reactions have been reported which consist of stannyl groups anchored to silica or other inorganic supports, [8] ionic liquids, [9] and phosphonium salts. [10] Polymers have also been used and, with the exception of a few examples of polyethylene [11] and polyimide matrices, [12] polystyrene is by far the most common polymeric support. [13] [14] [15] Polystyrene resins are easily accessible, most of them commercially available, and they have been widely used in solid-phase synthetic procedures. However, this polymeric backbone has sensitive positions, such as benzylic groups, which can compromise the durability of the support when reused in radical processes. In fact, not all the reported examples of stannylated polystyrenes for these applications can be recycled; in some cases radical-induced -C-Sn fragmentation has been observed.
[6c]
In contrast to polystyrene, vinylic addition polynorbornene (VA-PNB, Figure 1 ) has a completely aliphatic backbone, a priori more resistant to a radical attack. We have developed a family of VA-PNBs bearing pendant functional groups (VA-PNB-FG, Figure 1 ), [16] and they have proved to be useful supports of organocatalysts or metal catalysts in several transformations. [17] They can also be functionalized with stannyl groups, and used as recyclable polymeric tin reagents in the Stille reaction. [18] Our experience with these stannylated reagents led us to study the utility of the robust VA-PNB as a polymeric matrix to support tin reagents in radical transformations. The results on their behavior and recyclability are reported here. 
Results and Discussion

Synthesis and Stoichiometric Use of Stannylated Vinylic Addition Polynorbornes (VA-PNBs)
The polymers used in this work were synthesized by the route previously developed in our group and are depicted in Scheme 1. The copolymerization of norbornene and 2-(ω-bromoalkyl)norbornenes catalyzed by [Ni(C 6 F 5 ) 2 (SbPh 3 ) 2 ] occurs by an insertion mechanism and leads to a material that keeps the bicyclic norbornene structure in the polymer backbone (1a,b, Scheme 1). [16] Polynorbornenes of this type (vinylic addition polynorbornenes, VA-PNBs) are robust materials, both thermally and chemically resistant, [19] and contain a pendant bromo substituent that can be exchanged for other groups by postpolymerization reactions. The nucleophilic substitution of stannide for bromide and subsequent modification of the tin substituents lead to the stannylated VA-PNBs with -SnBu 2 Cl groups 2a and 2b (Scheme 1).
[18c] Tin-mediated radical reactions rely on the generation of tin-centered radicals by cleavage of a Sn-H bond, and SnHBu 3 is the most common reagent in these transformations. Polymeric tin hydride derivatives can be synthesized from 2a,b, as shown in Scheme 1, and 3a,b are analogues to SnHBu 3 . All the stannylated polymers are partially Scheme 1. Synthesis of polymers 1-3. can be chosen to precipitate the polymers and separate them from the target products. However, the lower the solubility of the polymers, the more efficient is the separation and the lower is the expected tin contamination. For this reason, polymer 2b was subjected to an insolubilization process we have used before on similar polymers which were developed as reagents in the Stille reaction; this proved to be an advantage to reach a low tin contamination.
[18c] The insolubilization is achieved by prolonged heating of VA-PNB in DMF, and this procedure gave polymer 2b-ins. [20, 21] The synthesis of the insoluble tin hydride polymer, 3b-ins, was carried out from 2b-ins as shown in Scheme 1. The presence of the Sn-H moiety is clearly observed in the IR spectra of all polymers 3 [ν(Sn-H) at about 1800 cm -1 ] as well as in the 119 Sn NMR spectra where the characteristic signal of the R 3 Sn-H moiety is present between -85 and -90 ppm and no R 3 Sn-Cl fragment remains (δ = 145 ppm). [22] We tested polymers 3 in a model reaction, the dehalogenation of 9-bromophenanthrene, using an excess of the Sn-H moiety in the polymer (1.4 equiv.). As can be seen in Scheme 2, good to moderate yields were obtained, and polymer 3b, with a longer tether linking the tin fragment to the polymer, is more reactive than 3a. This is an indication that the tin centers are less encumbered by the polymer backbone when n = 4 and, as a result, they are more reactive. We also observed this effect when polymers VA-PNB-(CH 2 ) n SnBu 2 Ar (Ar = Ph, 4-MeO-C 6 H 4 ) were used as reagents in the Stille reaction; again those polymers with a higher value of n showed a better performance.
[18c]
The insolubilization of the polymer makes it less reactive (cf. 3b and 3b-ins), but the expected benefit as far as reaching a low amount of residual tin in the products, makes it a good candidate for further study. Polymers 3 can be stored at low temperature but they decompose at room temperature in short periods of time, as can be seen by the disappearance of the ν(Sn-H) IR absorbance. Thus, although they can be synthesized and used in this form if needed, it would be more convenient to generate the Sn-H in situ in the reaction medium from the parent polymer 2 that can be kept with no special precautions. The experiments that follow were carried out with polymers 2b (n = 4) bearing a longer alkyl chain tether that, as mentioned above, shows a higher reactivity.
In Situ Generation of the Tin Hydride Moiety: The Catalytic Approach
The earliest work on polystyrene supports reports the use of stoichiometric amounts of polymeric tin hydrides, [15] but soon it was surpassed by the catalytic version of the polymer-supported radical tin chemistry. This relies on the presence of a hydride donor in the reaction mixture capable of regenerating the Sn-H moiety in situ after each cycle. Supported tin chlorides have been used in conjunction with H donors, mainly boron hydrides, and a radical initiator (AIBN, irradiation, etc.). [12] [13] [14] Other hydrogen donors have rarely been used in this context. [23] It should be taken into account that the evaluation of the activity and recyclability of the tin catalyst in the presence of boron hydrides should be carefully made, as borohydrides in the presence of an initiator can generate boron radical species that have proved to be effective in many transformations. [24] Pioneer work by the groups of Barltrop,
Groves, [24b,24c] and Beckwith [24d] has been followed by others and, more recently, the group of Ryu has made important contributions to the use of boron-centered radicals.
[24f ] In fact, using the dehalogenation of 9-bromophenanthrene or 1-bromodecane as model reactions and NaBH 4 as hydrogen donor [Equation (1)], we found that, although the presence of a catalytic amount of polymer 2b accelerated the reaction (entries 1 and 2, Table 1), with an excess of NaBH 4 the dehalogenation Table 1 . Dehalogenation reactions using NaBH 4 as hydrogen donor.
[a]
Entry
RBr NaBH 4 /RBr
BrPhen 2 went to completion or almost completion in the absence of the tin derivative (cf. entries 3, 4 and 6, 7, Table 1 ). The reaction does not occur in the absence of a radical initiator (entry 5, Table 1 ) which points to the crucial role of boron radicals in the reaction. Most reports on the use of catalytic amounts of polymer-supported tin reagents in radical reactions use NaBH 4 as hydrogen donor. [13, 14] Our results show that, at least in dehalogenation reactions, it is not possible to separate the roles of the tin hydride and the tetrahydroborate. As a consequence, it is not possible to find out unequivocally which the activity of the polymeric reagent is or whether the activity is kept upon reuse.
(1)
We moved to other hydrogen donor systems and tested polymethylhydrosiloxane (PMHS). This reducing agent has been used to generate Sn-H moieties, and the groups of Fu and Maleczka found out suitable conditions for an efficient hydride transfer to tin that needs the presence of a specific Sn-X precursor. Fu developed the in situ generation of a stannoxane moiety, which then reacts with PMHS.
[5g,25] Maleczka et al. used the so-called "Sn-F approach" that consists of the use of a fluoride source in solution, which binds to silicon in PMHS and activates it towards hydride transfer to a preformed tin fluoride derivative.
[5h, 26] In our hands, this second approach proved to be useful, and Table 2 shows the optimization experiments we carried out for the dehalogenation of 9-bromophenanthrene using polymers 2b and 2b-ins as catalysts, an aqueous KF solution as the fluoride source, and PMHS as hydride donor (Scheme 3).
Scheme 3. Dehalogenation of 9-bromophenanthrene using 2b as the catalyst and KF/PMHS as hydride-donor system.
As can be seen in Table 2 (entry 6) the mixture PMHS/KF/ AIBN is inactive in the dehalogenation reaction; so this system is adequate to evaluate the performance of the polymeric tin reagents. The best reaction conditions when using the more soluble polymer 2b as the catalyst (20 mol-%) are a twofold molar amount of PMHS and a fourfold molar amount of KF (aq.) at 80°C. The insoluble polymer 2b-ins is less reactive, and a larger excess of both PMHS and KF (aq.) is necessary to reach the same conversion (cf. entries 2 and 9, Table 2 ). THF proved to be the best solvent. Under the conditions of entry 9 (Table 2) other solvents such as dioxane (24 % yield) or toluene (50 % yield) gave worse results. Acetonitrile is not a suitable solvent since PHMS is not soluble in it.
We also tested other hydride donors. Low molecular weight silane derivatives are less efficient than PMHS: both SiH(OEt) 3 and 1,1,1,3,5,7,7,7-octamethyltetrasiloxane (OMTS) gave lower yields (30 and 60 % yield, respectively, under the conditions of entry 9, Table 2 ). This is not really a problem since PMHS, being an abundant byproduct in the manufacture of silicones, is inexpensive and readily available. We tested the possibility of using sodium formate but, even if the tin formate formation is fast at room temperature, the decarboxylation step does not occur in the reaction conditions we use.
Using the optimized conditions for polymer 2b-ins we tested the dehalogenation reaction of other substrates (Table 3 ). The system is inactive for chlorides (entries 2 and 6, Table 3 ) but dehalogenates alkyl and aryl bromides. In some cases, longer reaction times (8 h) are needed to obtain good yields. As expected, the reaction is more efficient for aryl bromides with electron-withdrawing groups (entries 7-9), [27] and, interestingly, the system dehalogenates ketones and esters without significant reduction of the carbonyl group (entries 4 and 5, Table 3) .
The system was also tested in the dehalogenative cyclization of 1-bromo-2-(prop-2-en-1-yloxy)-naphthalene (4, Scheme 4). The radical cyclization of 4 leads to a mixture of 5-exo and 6-endo products, a reaction that was studied in detail by Beckwith et al. [28] They found that the 6-endo product arises mainly from a neophyl rearrangement of the methylcyclopentenyl radical formed by the favored 5-exo cyclization. The 5-exo/6-endo ratio is a result of the competing (i) trap of the 5-exo cyclopentenyl radical by the Sn-H moiety through hydrogen abstraction and (ii) rearrangement to the 6-endo product. We rationalized that this reaction could give us information about the relative availability of the Sn-H moiety anchored to the polymer in Table 3 . Dehalogenation reactions with 2b-ins as the catalyst.
[a] All reactions carried out under a nitrogen atmosphere, with THF (1.3 mL) and water (0.1 mL) as the solvents, 80°C, 4 h, Sn-Cl (0.2 equiv., polymer 2b-ins), PMHS (3 equiv.), KF (6 equiv.). Compound 2b-ins has a functionalization of 1.43 mmol Sn-Cl/g polymer. comparison to SnHBu 3 : the less available the Sn-H moiety the higher the amount of rearranged (6-endo) product. Scheme 4 depicts the reaction of 4 in the presence of the mixture SnR 3 Cl/PMHS/KF (aq.) where SnR 3 Cl is either SnBu 3 Cl or polymer 2b-ins. A conversion of 96 % (SnBu 3 Cl) or 98 % (2b-ins) was achieved within 4 h, and a mixture of the 5-exo and 6-endo cyclization products along with some dehalogenation product was formed (ratios of products are given in Scheme 4).
The results show that the reactivity of both tin sources is comparable, with little amount of the noncyclized dehalogenated product (even less with 2b-ins) and a similar 5-exo/ 6-endo ratio. As far as reactivity is concerned, the stannyl Scheme 4. Dehalogenative cyclization of 4 using a tin catalyst and KF/PMHS as hydride donor system. groups in 2b-ins are not encumbered by the polymer backbone structure.
Recyclability of the Stannylated VA-PNBs
Polymer 2b-ins was used several times in subsequent dehalogenation reactions of 9-bromophenanthrene under the conditions shown in Scheme 3 and Table 2 (entry 9). After the allotted reaction time, the polymer was recovered by filtration, washed, and used again in a new reaction without any additional treatment. The results collected in Table 4 show that the polymer can be recycled and it stays active for five reuses; however, a strong fluctuation in the yields is observed in different cycles. A second recycling experiment was carried out by changing the conditions in order to favor a steady initiation and radical concentration. Thus, the amount of 2b-ins was increased from 20 mol-% (Table 4) to 50 mol-% (Table 5 ) and a second addition of AIBN was made after two hours. The use of an excess of the tin derivative, a serious drawback when SnBu 3 X derivatives are used, is not a problem for this polymeric reagent since the separation from the product is easy and no tin waste is produced. As can be seen in Table 5 , the yields still show a large variation from cycle to cycle up to about the seventh reuse. In addition to the yield fluctuation, the activity of the tin polymer decreases; however, from the eighth cycle on the yields stay close to 50 %. After ten consecutive uses, the stannylated polymer 2b-ins is still useful. Considering the amount of catalyst used (50 mol-%) and the crude yield obtained (around 50 %) the polymer is playing the role of a stoichiometric tin reagent. As mentioned above, this is not a problem for these stannylated polymers since, even when using a large Table 4 . Recyclability of polymer 2b-ins as catalyst in the reaction shown in Scheme 3.
C y c l e 1 2 3 4 5
Crude yield [%] [b] 100 82 100 57 92
[a] All reactions were carried by using the conditions of entry 9, amount of tin, the separation from the products is easy and 2b-ins, however limited its activity, is not discarded. [a] All reactions were carried out by using the conditions of entry 9, Table 2 except that a higher amount of 2b-ins was used (50 mol-% Sn-Cl) and a second addition of AIBN was made after the first 2 h. Compound 2b-ins has a functionalization of 1.33 mmol Sn-Cl/g polymer.
[b] Determined by 1 H NMR spectroscopic analysis of the crude mixture.
Analysis of the residual tin content in the dehalogenated product was carried out by ICP-MS, in different cycles of the reuse experiment. The tin content of the product is very small and varies from 80 to 155 ppm (entries 1, 2, 5, Table 5 ). A larger amount of residual tin was observed after ten uses (δ = 455 ppm), but it is low when compared to the contamination resulting from conventional separation methods of monomeric tin derivatives: phenanthrene obtained by dehalogenation of 9-bromophenanthrene with SnBu 3 Cl (50 mol-%) instead of 2b-ins and subjected to a similar workup procedure contained 10 wt.-% of tin (δ = 10 5 ppm). The loss of tin in each cycle is obviously too small to account for the decrease in activity of the polymer. In order to find out the reason for the deactivation observed, we looked into the spectroscopic features of polymer 2b-ins recovered after the 10th cycle (Table 5 ). The IR spectrum shows strong absorption, characteristic of the polysiloxane derivatives coming from the residual fluorinated or oxygenated polymers derived from PMHS [ν(Si-O-Si) 1100-1000 cm , see Supporting Information). [29] These polysiloxane derivatives are very difficult to eliminate since they do not dissolve in organic solvents or aqueous acidic or basic media. We could not quantify the amount of residual polisiloxanes present. The Si-O and Si-C absorbances in IR are intrinsically strong, so there is no direct correlation between the intensity of those bands and the residual silicon species in the polymer. Compound 2b-ins is recovered almost quantitatively after each use in Table 5 (90-100 % of the initial weight), and no significant increase in weight is observed. Even if the polysiloxane byproducts are not expected to induce any competing reaction, their presence could influence the accessibility of the tin centers.
The nature of the tin centers in this recovered polymer can be analyzed by solid-state 119 Sn NMR spectroscopy. The at -9 ppm, see Supporting Information). [30, 31] This is not unexpected since the reactions are carried out in the presence of an aqueous KF solution and, under these conditions, the Sn-Br bonds in the VA-PNB-SnBu 2 Br polymer formed in the first dehalogenation turnover can be easily transformed into the stronger Sn-F and Sn-O bonds. These moieties can contribute to crosslink the polymer since both the tin oxide and fluoride derivatives have a strong tendency to oligomerize through the formation of F or O bridges, increasing the tin coordination number.
The absence of Sn-X (X = Cl, Br) bonds is not the main reason of the deactivation of the polymer. VA-PNB-SnBu 2 Cl can be regenerated by treatment of the polymer recovered after cycle 10 ( Table 5) with concentrated hydrochloric acid, as has been described before for monomeric tin derivatives.
[32] The 119 Sn NMR spectrum of the polymer obtained shows that most of the tin centers in the polymer bear Sn-Cl bonds (δ =146 ppm) and a signal corresponding to the Sn-F moiety (-10 ppm) still remains. This polymer was used in the dehalogenation reaction of 9-bromophenanthrene under the same conditions used in Table 5 leading to a 53 % crude yield, almost equal to the one obtained in the preceding 10th cycle. Thus, the presence of the Sn-Cl moieties does not reactivate the polymer. This experiment indicates that Sn-Cl bonds are probably not necessary for the reaction to occur, Sn-F and Sn-O bonds being transformed into Sn-H bonds in the same way as reported for the monomeric tin derivatives. [25, 26] The decrease in the activity observed is likely derived from the structural changes imposed on the polymer by the possible crosslinking because of the Sn-F and Sn-O moieties as well as the contamination with residual polymeric siloxane byproducts in the reaction. Altogether, they may affect the accessibility of the tin centers to react with the hydride source and RBr reactants.
Conclusions
Vinylic addition polynorbornenes are suitable supports for tin hydrides, and they can be used in tin-mediated radical reactions, as has been shown for a model dehalogenation reaction. VA-PNB-SnBu 2 X can be used both in stoichiometric reactions (X = H) and catalytic processes (X = Cl) in the presence of a suitable hydride donor. The behavior of the polymers does not substantially differ from the monomeric SnBu 3 X derivatives.
Being insoluble, they can be easily separated from the final products, and the amount of residual tin is at least 250 times lower than that obtained when SnBu 3 X is used. Also, the stannylated polynorbornenes can be reused a minimum of 10 times in a radical process catalytic in tin. The polymer is not fully recyclable since it loses efficiency upon reuse up to an activity value that stays almost constant from the seventh use on. The evaluation of the recyclability of the polymers has been made by using a hydride donor that does not mask the actual performance of the stannyl matrix, that is the KF (aq.)/PMHS combination, developed by Malezcka et al. Although very much used in combination with supported tin derivatives, borohydrides are not convenient for this purpose since they are a source of radicals on their own that may conceal the loss of reactivity of the anchored stannyl reagent.
Experimental Section Materials and General Considerations
NMR spectra in solution were recorded at 293 K with Bruker AV-400 and Agilent MR-500 and MR-400 instruments. Chemical shifts (δ) are reported in ppm and referenced to SiMe 4 ( 1 H and 13 C), CFCl 3 ( 19 F), and SnMe 4 ( 119 Sn). The solid-state NMR spectra were recorded at 293 K under magic angle spinning (MAS) with a Bruker AV-400 spectrometer by using a Bruker BL-4 probe with zirconia rotors (4 mm diameter) spinning at 8 kHz.
13 C CP-MAS NMR spectra were measured at 100.61 MHz and recorded with proton decoupling (tppm), with a 90°pulse length of 4.5 μs and a contact time of 3 ms and recycle delay of 3 s. 119 Sn MAS NMR spectra were measured at 149.21 MHz by using pulses of 4 ms corresponding to a flip angle of π/3 radians and recycle delay of 60 s. The 13 C and 119 Sn NMR spectra were referred to glycine (CO signal at δ = 176.1 ppm) and SnMe 4 (δ = 0 ppm), respectively. IR spectra were recorded on solid neat samples with a Perkin-Elmer FTIR spectrum frontier spectrophotometer with CsI + ATR diamond accessory. Polymer functionalization was determined by quantitative analyses of the halogen content (Br in 1 or Cl in 2). It was determined by oxygen-flask combustion of a polymer sample and analysis of the residue by the mercurimetric titration of the halide. [33] Residual tin in the dehalogenation products was determined by ICP-MS with use of Agilent 7500i equipment. Solvents were dried with a solvent purification system SPS PS-MD-5 or distilled from appropriate drying agents under nitrogen prior to use. The reactants employed in the dehalogenation reactions, SnBu 3 Cl, SnHBu 3 , PMHS, and OMTS, were purchased from commercial sources and used as received. Compound 4 was prepared by modification of the synthesis reported in the literature (see Supporting Information). [34] Synthesis of Polymers: Polymers VA-PNB-NBCH 2 Br (1a) and VA-PNB-NB(CH 2 ) 4 Br (1b) were synthesized as described before by copolymerization of norbornene and the corresponding 2-(ω-bromoalkyl)norbornene. [16] The polymers have a functionalization in the range 1.7-2.8 mmol Br/g polymer. VA-PNB-NBCH 2 SnBu 2 Cl (2a) and VA-PNB-NB(CH 2 ) 4 SnBu 2 Cl (2b) were prepared from 1a or 1b as described elsewhere.
[18c] Polymer 2b was subjected to the insolubilization procedure that involves heating in DMF at 120°C for 24 h, as reported before.
[18c] -3 mmol of Sn-Cl), AIBN (0.9 mg, 5.48 × 10 -3 mmol), PMHS (5 mg, 0.084 mmol Si-H), and KF (9.51 mg, 0.162 mmol) were mixed in THF (1.3 mL) and water (0.1 mL) under a nitrogen atmosphere and stirred at 80°C for 4 h. After this time, the crude reaction mixture was analyzed by 1 H NMR spectroscopy. MeOH (10 mL) was added, and the polymer was filtered and washed with MeOH (3 × 5 mL), Et 2 O (3 × 5 mL) and air-dried. The polymer was quantitatively recovered. All the dehalogenated products in Table 3 are commercial and were identified by comparison to the NMR spectroscopic data of authentic samples.
Dehalogenation Procedure Using VA-PNB-NB(CH 2 ) 4 SnHBu 2 : In a Schlenk flask with a screw cap, 9-bromophenanthrene (7.19 mg, 0.027 mmol), polymer 3b (20.25 mg, 0.040 mmol of Sn-H), and AIBN (0.9 mg, 5.48 × 10 -3 mmol) were mixed in THF (1.4 mL) under a nitrogen atmosphere and stirred at 80°C for 4 h. The crude reaction mixture was analyzed by 1 H NMR spectroscopy. MeOH (10 mL) was added, and the polymer was filtered and washed with MeOH (3 × 10 mL), Et 2 O (3 × 10 mL) and air-dried. It was quantitatively recovered.
Recycling Procedure: In a Schlenk flask with a screw cap, 9-bromophenanthrene (0.2 g, 0.76 mmol), polymer 2b-ins (0.29 g, 0.38 mmol of Sn), PMHS (0.14 g, 2.29 mmol), and KF (0.0581 g, 4.57 mmol) were mixed in THF (36 mL) and water (2.8 mL) under a nitrogen atmosphere and stirred at room temperature for 15 min. [35] A solution of AIBN (0.025 g, 0.15 mmol) in THF (2 mL) was added, and the mixture was stirred at 80°C for 2 h. A new solution of AIBN (0.025 g, 0.15 mmol) in THF (2 mL) was added, and the mixture was stirred at 80°C for 2 h. The resulting reaction mixture was concentrated at reduced pressure to ca.15 mL, and MeOH (30 mL) was added. The polymer was filtered, washed with MeOH (3 × 30 mL), Et 2 O (3 × 30 mL), and air-dried. It was almost quantitatively recovered (90-100 % yield) and stored to be reused in a subsequent reaction. The MeOH solution was evaporated, and the residue was extracted with Et 2 O. The ethereal solution was evaporated to dryness and was subjected to preparative TLC (silica) with use of hexane as the eluent. A yellowish solid was obtained.
Yield: 96 % (130.9 mg). The experiments summarized in Table 5 were carried out in the same way.
Cyclization Reaction: In a Schlenk flask with a screw cap, 1-bromo-2-(prop-2-en-1-yloxy)naphthalene (4, 7.21 mg, 0.027 mmol), polymer 2b-ins (3.84 mg, 5.48 × 10 -3 mmol of Sn-Cl), AIBN (0.9 mg, 5.48 × 10 -3 mmol), PMHS (5 mg, 0.084 mmol Si-H), and KF (9.51 mg, 0.162 mmol) were mixed in THF (1.3 mL) and water (0.1 mL) under a nitrogen atmosphere and stirred at 80°C for 4 h. The crude reaction mixture was analyzed by 1 H NMR spectroscopy. MeOH (10 mL) was added, and the polymer was filtered and washed with MeOH (3 × 5 mL), Et 2 O (3 × 5 mL) and air-dried. The polymer was recovered quantitatively. The MeOH solution was evaporated, and the residue was extracted with Et 2 O. The ethereal solution was evaporated to dryness. The residue was subjected to preparative TLC (silica) with use of hexane as the eluent to separate the residual silicon polymeric byproducts from the mixture of reaction products: 5.4 mg (mixture of isomers). The dehalogenated products were identified by comparison to the NMR spectroscopic data reported in the literature. [28] 
